Before the lack of diagnostic specificity was observed for genetic marker associations, observations of diagnoses in families of patients showed an unexpected degree of overlap. Schizoaffective (SA) patients had, in comparison with control families, excesses of relatives with both
Introduction
Di agnosis traditionally is a categorical classification that summarizes a unique set of illness features in a single phrase. In the field of psychiatry, a 1972 publication by Feighner and colleagues 1 has long served as a basis for highly reproducible diagnostic criteria, based on the conceptual developments of his coauthors Robins and Guze. This system of diagnosis, with criteria based on clearly defined clinical and behavioral observation, was enshrined in the DSM-III (see the article by Shorter in this issue, p 59) and later DSM versions as the standard for US Psychiatry.
However, three of the five major theoretical bases for validating a diagnosis provided in Feighner et al's paper have not coincided with the clinical diagnostic categories in psychiatry. These are "family study," "course of illness" (particularly response to treatment agents), and "laboratory tests." At that time, family study as a basis for diagnosis simply meant coaggregation of a diagnosis in relatives, but would now primarily mean genetic markers. Psychiatric genetic associations with schizophrenia (SZ), bipolar disorder (BD), and autism spectrum disorder (ASD) cross diagnostic boundaries in a very complex manner that is currently not understood biologically.
For schizophrenia, bipolar disorder, and autism, clinical descriptions are precise and reliable, but there is great overlap among diagnoses in associated genetic polymorphisms and rare variants, treatment response, and other phenomenological findings such as brain imaging. It is widely hoped that new diagnostic categories can be developed which are more precise and predictive of important features of illness, particularly response to pharmacological agents. It is the intent of this paper to describe the diagnostic implications of some current genetic findings, and to describe how the genetic associations with diagnosis may be teased apart into new associations with biologically coherent diagnostic entities and scales, based on the various functional aspects of the associated genes and functional genomic data.
C l i n i c a l r e s e a r c h BD and SZ. This blurred the two major diagnostic categories established by the German psychiatrist Kraepelin at the end of the 19th and beginning of the 20th centuries. Due to coaggregation of multiple diagnoses in families of patients, 4 ,5 the entire Krapelinian diagnostic system was greatly shaken even before there were any consistent genetic marker associations with these disorders. Alternate bases for establishing diagnosis, with a focus on biological observations, were proposed for decades, starting in the 1970s. 6, 7 Another of Feighner et al's criteria that is generally no longer diagnosis-specific in psychiatry is course of illness, specifically treatment response to medication. Individual drugs are used to treat multiple disorders. Antipsychotics are a major treatment for BD and for depression, anticonvulsants are used in BD, psychosis, and depression, etc. Results of laboratory tests, a third basis of diagnosis, overlap as well-brain regions with similar abnormalities in multiple disorders have been described. 8, 9 An idea that has great currency at this time is that we should start over again in psychiatric diagnostic classification, basing it not on clinical description but on biological events, and not on categories but on quantitative metrics. 9 The bases currently proposed for such biological events include brain imaging functional associations, neurodevelopmental perspectives, and others, which may prove valid and fruitful, 8 although here we will consider them only insofar as they interact with genetic findings. It is the intent of this paper to describe the diagnostic implications of some current genetic findings, and to describe how the genetic associations with diagnosis may be teased apart into new associations with biologically coherent diagnostic entities and scales, based on the various functional aspects of the associated genes and functional genomic data.
Common genetic polymorphisms and rare variants as a basis for a reconceptualized diagnosis system in psychiatry
Genetic associations with common diseases largely consist of common polymorphisms with statistically weak effects on probability of illness, and rare variants with strong effect sizes. In the past decade, two novel types of genetic causation have been discovered with particular relevance to psychiatric disorders: i) polygenic variation directly measurable from common polymorphisms identified by genome-wide assays; and ii) subchromosomal deletions, duplications, and inversions (copy number variants, CNVs). CNVs were described earlier, but it was only in 2004 10, 11 that the ubiquity of CNVs was discovered, and within a few years their role as a major source of human genetic variation was demonstrated.
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Figure 1.
McCarthy/Manolio model: single common variants = small effects, single rare variants = large effects. Allele frequency and effect size are generally inversely related, with common variants with large effects being rare and subject to strong purifying selection, and rare variants with small effects being difficult to detect.
Prior to these developments, much of the research into the genetic bases of common diseases was focused on the identification of common variants with small effect sizes, particularly via genome-wide association studies (GWASs, Figure 1 ). Rare alleles with large effects were thought unlikely to contribute much to common disease risk: after all, not only were they were rare, but they would be subject to strong purifying selection. However, due to their large size, CNVs can affect multiple genes at once, so they have the potential for major phenotypic effects. Once their ubiquity was discovered, it was reasonable to predict that they could contribute substantially to overall disease risk (Figure 2 ), and subsequent studies appear to support that (see below).
Common single-nucleotide polymorphisms and diagnosis
In the past few years, the number of common single-nucleotide polymorphisms (SNPs) associated with SZ in GWASs has catapulted from less than ten to over 100, with a large number of genes and regulatory regions being located close to many of the associated SNPs, and thus implicated in disease pathology. The most recent report is from the Schizophrenia Working Group of the Psychiatric Genomics Consortium, 14 and it includes 128 SNP associations with SZ risk, which come from approximately 108 gene loci, of which 83 are novel.
As has been the case for previous SZ genome-wide studies, [15] [16] [17] the odds ratios for the individual SNPs are low, ranging from 0.843 to 1.125. This indicates that a very low proportion of disease risk variance can be attributed to any one of these SNPs (Figure 1) . The authors used risk profile scores (RPSs) to assess the collective contributions of these SNPs to an individual's SZ risk, and they found that RPSs can explain approximately 7% of variation in risk across their samples.
The RPS is one of the methods of assessing polygenic contributions to disease risk. It was first described in a 2009 International Schizophrenia Consortium paper. 18 In a GWAS of SZ patients versus controls, all loci passing an arbitrary threshold of significance (with P-values that are not necessarily statistically significant) are used to calculate a polygenic score for each individual, where the number of score alleles are weighted by the log of the odds ratio (for disease) in a discovery sample. In the initial publication, this score derived from one SZ vs controls sample was elevated in several SZ samples, as well as in BD samples, but not in coronary artery disease and several other medical disorders. Since the percentage of variation in risk across their samples explained by the RPS in this first paper was 3%, the 7% reported by Ripke et al in 2014 represents a substantial increase. 14 
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Figure 2.
Additional observations in neuropsychiatric disease. An updated version of Figure 1 shows types of genetic variants now thought to explain some of the genetic risk of neuropsychiatric diseases, including certain rare copy number variants (CNVs) with large effects. Falling outside the predicted inverse linear relationship between allele frequency and effect size, are the presence of any de novo CNV and the contribution of common alleles when incorporated into a polygenic model.
Another method for estimating polygenic contribution to disease risk is genome-wide complex trait analysis (GCTA). It is a variance-covariance analysis approach which incorporates the effects of every marker in the genome on a phenotype. 19 With this more inclusive method, which defines heritability as the proportion of phenotypic variance accounted for by the genetic markers studied, the heritability of schizophrenia accounted for is considerably greater than with the RPS, approximately 23%. 20 While these estimates of polygenic contributions to disease risk explain substantially more variation in disease than the contribution of any one of the common SNPs individually, a considerable amount of variation remains unexplained. This might improve somewhat as GWAS sample sizes are increased, and new loci with smaller effect sizes are discovered. However, the coheritability between disorders (that is, the covariance between disorders on a liability scale 3 ) is substantial for several diagnostic groups (Figure 3 ), most particularly for SZ, BD, and major depressive disorder (MDD). 2, 3 Whether this overlap in common variants associated with neuropsychiatric disease means that the current diagnostic categories are less than optimal, and that a future categorization based on the shared genetic elements would be more useful, remains to be explored.
Generation of new categorical or quantitative trait diagnoses using genome-wide common SNP data
To create a new diagnosis or quantitative diagnostic trait from genetic data, one might consider the alleles contributing to the coheritability of several diagnoses with consistent two-way correlations, such as SZ, BD, and MDD, and use these alleles as a score, or use the polygenic risk scores that apply to multiple diagnoses. 2 This score could then be considered for usefulness as a diagnosis, by testing its applicability to the bases of diagnosis as initially proposed Feighner and colleagues in 1972. 1 Similarly, one could define a diagnosis or diagnostic scale, based on location of rare variants or loci consistently impacted by de novo CNVs in several psychiatric disorders, but not in control individuals. 21 Members of the Bipolar and Schizophrenia Network for Intermediate Phenotypes Consortium (BSNIP) have recently presented posters with preliminary results, 22, 23 which illustrate this approach. The consortium is working to identify markers of psychosis across diagnostic boundaries that would generate biologically coherent separation among individuals with psychosis who are diagnosed with BD, SA, or SZ.
Clementz and others in the consortium identified three "biotypes" based on taxometric analyses of electrophysiological, cognitive, and other biological marker data. The measured variables were psychophysiological, and included ERP, 24, 25 eye movements 26 including stop-signal tasks, and a cognitive battery. 27 SNPs used to calculate polygenic risk scores (PGRS), which appear similar to the RSPs described above, for SZ were derived from very large-scale studies of the Psychiatric Genomics Consortium (PGC) samples, and PGRSs were calculated from whole-genome genotypic arrays for each of the 340 patients studied and for 112 healthy controls. They then compared the three biotype groups on the degree of genetic loading as measured by polygenic risk scores. Essentially, only patients classified as Biotype 1 had significantly greater polygenic risk scores than the healthy controls, but the distribution of diagnoses was the same in each of the three biotypes.
Assuming replication of this initial finding, could this lead to Biotype 1 as a new diagnostic category? We can consider the multiple steps toward that goal as an exercise. A first issue to be resolved is whether the taxometric (categorical) analysis that led to three biotypes is the best way to combine the underlying variables, since the underlying variables are quantitative and the PGRS that was related to biotypes is also a quantitative trait. Apart from that issue, further supporting evidence would be needed to relate the biotypes to the other components of diagnosis. If we consider the "laboratory test" part of diagnosis to mean a biological understanding, then the PGRS, after all, is not a biologically meaningful scale. It needs to be functionally parsed, as in Purcell et al 2014, 28 in order to lead to actual biological mechanisms (see discussion below on the relationship of molecular networks to diagnosis). This parsing would only be a first step toward supporting molecular biological hypotheses based on the PGRS. Other types of measurement useful in studying the CNS in psychiatric disorders would also need to be studied for correlation with the biotype groupings, such as the various types of brain imaging measures. In addition to biology, but not unrelated to it, a coherence of other illnessrelated traits is needed to support a diagnostic distinction, as described in Feighner and colleagues' paper. 1 This would include whether the biotypes coaggregate in families, whether there are different ages of onset and courses of illness associated with the biotypes, and, perhaps most importantly, whether there were different treatment responses, such as to specific drugs, associated with the different biotypes.
Rare variants as a basis for diagnosis
Several rare copy number CNVs are highly associated with neuropsychiatric diagnoses (Table I) . 21 CNVs are deletions and duplications that are too small to be observed as classic microscopic bands, although they can be millions of DNA base pairs in size. At certain chromosomal locations, the DNA sequence is predisposed to deletion and/or duplication, and these locations recurrently generate the same CNVs, which individually remain rare in frequency. The most notable of these recurrent deletions occurs on Chromosome 22q11 (long arm [q] of the chromosome, microscopic band 11). This deletion was discovered to be associated with SZ in 1995, and was the first rare variant associated with this disease. 29 Since then, it has been shown to be associated not just with SZ, but with ASD and intellectual disability, as well as the cardiovascular, facial, and other malformations originally associated with the deletion. 30 Not surprisingly, as it was first to be detected, deletion of 22q11 is the most common rare CNV associated with neuropsychiatric illness, occurring in 1 out of 4000 births. The deletion, usually 1 to 3.5 megabases in size, is extremely likely to cause disease, with nearly complete disease penetrance, although the observed diagnoses are quite variable. The resulting phenotype is variably referred to as 22q11 deletion syndrome, DiGeorge syndrome or velocardiofacial syn- Table I . Rare copy number variants (CNVs): risks of illness for autism spectrum disorder (ASD), schizophrenia (SCZ) and bipolar disorder (BD). 47 Risks of illness are based on Bayesian probabilities. Data from Malhotra and Sebat's 2012 review. C l i n i c a l r e s e a r c h drome. There are multiple genes with important neurobiological roles in the region, but it has not been possible to assign the pathophysiology to a single gene. Nonetheless, with its definitive laboratory test, and despite the several alternative phenotypes, it arguably meets Feighner's criteria for a valid diagnosis. Although the 22q11 deletion syndrome is the most scientifically supported diagnostic entity in psychiatry, it also illustrates how disappointing the practical implications of diagnosis can be. It can be highly useful in risk prediction in rare cases, but it has not led to advances in neurobiology of disease or in treatment approaches. Of course, it is entirely reasonable to expect that these advances will be forthcoming, for this and for each of the rare structural variants associated with neuropsychiatric disease (Table I ), but the challenge remains formidable two decades after the initial finding of the psychiatric association.
CNV Locus
The presence of any CNV event arising as a de novo mutation (that is, present in a person but not in his/her parents) greatly increases the risk of several psychiatric disorders (Table II, Figure 2) . It is possible that there are so many genomic locations whose disruption can cause neuropsychiatric disease that they are ubiquitous throughout the human genome. A more appealing possibility to the scientist is that the polygenic components can be parsed into logical entities (see below in discussion of networks in diagnosis), and that there will be "hot spots" on the genome where psychiatric illness will be caused by a de novo CNV, and other locations where disease will not result, according to the genes affected. This would be consistent with the findings of other types of rare variants in the polygenic components of neuropsychiatric disease, as discussed in the next paragraph.
Molecular networks as a basis for diagnosis
An alternative approach to the single locus association studies that is quickly gaining traction is complex network analysis. This method models molecular interactions graphically as complex networks. The network nodes, or vertices, would represent various molecules, while the edges, or line between the nodes, would represent interactions among them ( Figure 4A ). Alternatively, the nodes could represent proteins, while the edges would then represent physical interactions between two proteins. Alternatively the nodes might represent the expression levels of genes, and the edges might represent correlations among those levels. Ideally, all molecules could be represented in a single network, as well as all possible interactions among them ( Figure 4C) .
A property of molecular networks is modularity, ie, they contain subnetworks, or modules, of highly connected nodes that are relatively sparsely connected to the larger network ( Figure 4B ). This property is useful for disease studies because the nodes comprising these subnetworks are highly likely to be functionally related. So, if one node is, for example, a disease-associated gene variant, other nodes in the same module are more likely to be disease-associated. 31 This phenomenon is frequently referred to as "guilt-by-association" 32 and can be used both to identify novel candidate genes, and to prioritize known candidate genes for follow-up functional studies. 33 When disease risk genes are mapped onto existing networks, they often appear to converge on some of these functional modules. For example, Sakai et al created a protein-protein interaction (PPI) network for a Table II . De novo copy number variants (DCCNVs): attributable risk and risks of illness for autism spectrum disorder (ASD), schizophrenia (SCZ) and bipolar disorder (BD). 47 Data from: Xu 2008, 48 Malhotra 2011, 49 and Sebat 2007. 50 Computation of illness risk of any disorder is 1-(1-P 1 )(1-P 2 )(1-P 3 ), where P i is the risk for each disorder. This calculation indirectly accounts for probability of co-occurrence of more than one disorder in any individual as a product of the probability of each diagnosis. Frequency of DNCNV in normal controls is approximately 1%. Overall burdens of rare and de novo single nucleotide variants (SNVs), and rare small insertions and deletions (indels) are also associated with some neuropsychiatric disorders. 28, 48 For rare SNVs and indels, the association is not present in the genome as a whole, but in "large set of genes with a higher likelihood of having a role in schizophrenia, on the basis of existing genetic evidence." 28 This offers some hope that parsing of the evidence for genome-wide aggregations of data will lead to neurobiologically useful diagnostic categories or scales. OR, odds ratio; a Based on Bayesian probability. set of genes, most of which were known to cause syndromic forms of ASD. Once the nodes, which represented the protein products of those genes, and the edges, which represented physical interactions among those proteins, were incorporated into a network model, the authors tested the rate at which a set of nonsyndromic ASD-associated variants overlapped with that network. They found that the variants overlapped at a rate 2.4 times greater in cases than in controls. These kinds of observations are encouraging: they suggest that there is some biological basis for the statistical association of specific network membership genes and disease risk. They also help explain some of the genetic heterogeneity that characterizes many neuropsychiatric diseases. Finally, they implicate the functions of these modules in disease etiology.
The approaches just described rely on curating existing knowledge (such as publications) used to construct networks, which are then inspected for whether they include disease-associated variants. An alternative, unbiased approach is to use genome-wide data to infer networks and thereby discover novel associations between molecules and with disease. For example, gene coexpression networks, in which the nodes are gene transcripts and the edges represent correlations among their expression levels, can be constructed from gene expression microarray data using methods such as weighted gene coexpression network analysis (WGCNA). 34 Coexpression modules identified in these networks have been shown to correspond to brain cell types in healthy individuals. 35 Furthermore, they have been shown to be altered in neuropsychiatric disease. In brains from psychotic 35 and autistic 36 patients, certain modules have been shown to be up-or downregulated relative to controls, while in late-onset Alzheimer's disease (LOAD) patients, brain coexpression networks lost and gained entire modules. 37 Some studies have blended the two approaches, by mapping disease-associated genes onto coexpression modules inferred from genome-wide expression data. Ben-David and Shifman 38 for example, used expression data from healthy controls to identify coexpression modules, then demonstrated that two of those modules were enriched with a set of rare and common ASDassociated variants. Both modules were enriched with genes active in the synapse, while one was also enriched with genes involved in synaptic transmission and the calmodulin-binding pathway. Gulsuner and colleagues performed a similar study for SZ. 39 The goal of refining or redefining psychiatric diagnostic categories based on their biological underpinnings would be greatly helped if the set of variants associated with a given disease neatly matched up with a discrete functional module, with no overlap among diseases. However, as discussed above, many genetic variants are not disease-specific, and unfortunately, so far, neither are the implicated modules. In fact, modules implicated in a wide range of diseases tend to overlap with each other, not just among similar diseases, like neuropsychiatric ones 40 but among very different conditions, such as asthma, cancer and obesity. 41 There are other ways of exploiting network structure, though. In an approach that has been referred to as "reverse engineering." 42 Zhang et al used genomewide brain expression data to identify functional modules altered in late onset Alzheimer's disease (LOAD). 37 Then, using genotype data, they identified key causal regulators of the altered networks, which included TYRO protein tyrosine kinase binding protein (TYROPB). This is important because TYROPB was not previously identified as a possible LOAD risk gene. Also, the regulators identified, including TYROPB, were shown to be causal, and causation is a holy grail of molecular biology. Taken together, these findings suggest that TYROPB may be a drug target for LOAD.
So this network-based method can yield possible genetic disease associations undetectable by previous methods, but network approaches have multiple potential new applications. Future analyses may identify more molecular functions impaired in disease. Also, expanding and validating current molecular networks may prove important in terms of creating predictive models of genetic variation for neuropsychiatric diseases. Network models can account for emergent properties of complex molecular networks, such as epistasis (ie, gene-gene interactions) and network motifs like feedback and feedforward loops; the predictive power of polygenic models like the ones described above may be limited because they do not allow for these properties.
What could network diagnoses look like? Measures of overall network status could be developed, and therapeutic strategies for shifting a relevant subnetwork from "unhealthy" to "healthy" by targeting specific nodes or edges with drugs may be developed. 43 Another possibility is that an individual patient's genetic variants will be mapped onto the complete set of human molecular net-works, and possible therapeutic targets predicted from that, which would almost obviate the need for a diagnostic category. Alternatively, if it becomes technologically and economically feasible, a molecular network may be constructed for individual patients, and drug targets predicted from that. 44 This exciting sort of highly personalized approach is well in the future for neuropsychiatric disease, but it could come to pass.
Outlook
Over the last decade, a great deal of progress has been made in explaining the genetic underpinnings of neuropsychiatric disease. At the same time, a great deal of the heritability of these diseases remains to be explained.
There are a number of promising directions for parsing the multigenic component of heritability of major psychiatric disorders, one of which is molecular network research. The number of common SNP associations detected in GWASs should rise as sample sizes increase. Even though the effect sizes of associations so revealed will tend to be small, these would be additional components of the biological networks involved in disease, and so would add to the precision of identifying molecular networks that impact upon genes associated with disease, or to defining new diagnoses based on close association with one or another network malfunction. Functional networks or phenotypes based on other than molecular characteristics, such as brain connectivity networks, may also prove to be more coherent as a basis for diagnosis formation than current nosologic categories, and if successful these may also prove to be more biologically coherent than our current diagnostic categories. o
